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Abstract 
Intracellular bacteria, traditionally called endosymbionts, are very common in all 
living organisms, and ciliated protists are considered one of the most suitable model 
organisms for the study of endosymbionts because of their small size and simple 
cultivation techniques.  
The aim of this Thesis was to perform a “complete study” approach on bacterial 
endosymbionts of ciliates. The study was split into two distinct but related parts, due 
to time constraints.  
The first part consisted in the characterization of symbionts from newly isolated hosts 
present in environmental samples. The latter were initially collected from different 
places, thus making more probable to find new symbiont species. Then it was 
essential to isolate ciliates from their natural environment and establish cell cultures. 
The subsequent step consisted in performing the screening of ciliates cultures to 
detect the presence of possible bacterial endosymbionts, with fluorescence in situ 
hybridization (FISH) using a universal 16S rRNA gene-directed probe. Subsequently 
the endosymbiont retrieved in a selected culture was molecularly characterized. 
The second part consisted in setting up the conditions to perform massive total DNA 
isolation on the selected bacterial endosymbiont Holospora caryophila, preliminary 
to whole genome sequencing. A particular strain of Paramecium octaurelia called 
GFg infected with H. caryophila was selected for our purpose. This intracellular 
bacterium is uncultivable outside host cells, furthermore in literature it has been 
reported that rapid growing lines of Paramecium could lose the endosymbiont. 
Therefore, to obtain the highest amounts of bacterial cells, a growth experiment was 
designed establishing three different host feeding conditions. For each of them the 
host cells were enumerated and FISH experiments were performed with a H. 
caryophila-specific probe to check the infection level. After having found the best 
feeding condition, massive culture was established in order to isolate the symbiont 
cells from lysed hosts and subsequently extract their genomic DNA. Different kinds 
of approaches, previously used in literature for the isolation of other ciliate 
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intracellular bacteria, were adapted and performed. Finally, to evaluate how the 
isolation procedures worked out, two distinct approaches were set up and utilized: 
FISH and real-time PCR. 
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1. Introduction 
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1.1 Symbiosis 
The word “symbiosis” is complicated to define, because it is a general term that 
includes many different kind of associations. It was originally coined by De Bary in 
1879 as the phenomenon in which “unlike organisms live together”. His definition 
comprises parasitism, mutualism and commensalism, that represent associations quite 
different among them. Indeed, they are diverse shades of the same phenomenon and 
differ from each other for the effect they have on the host. 
Many other definitions of symbiosis have been suggested through the years, but the 
most modern is the one proposed by the International Society of Symbiosis in 2003, 
which affirms that “symbiosis is an intimate and permanent association between two 
partners of different species, from which results new structures, metabolisms and 
could comport gene integration”. This kind of definition includes, as the original one, 
all kind of associations independently on their effect on the host, and emphasizes the 
evolutionary and genomic consequences.  
Symbiosis is a heterogeneous and widespread phenomenon in which is possible to 
distinguish several features, such as the subdivision between ectosymbiosis from 
endosymbiosis. The presence of organisms on the external surface of the host is 
known as ectosymbiosis, while endosymbiosis is the phenomenon in which the 
symbiont lives inside the host cell (Smith, 1979).  
The importance of the phenomenon of endosymbiosis is undoubtedly recognized by 
scientists, since this type of symbiotic association played a key role in evolutionary 
history, originating the first eukaryotic cell. Through the years, several theories have 
been proposed, but the most accepted and supported is the serial endosymbiotic 
theory (SET) by Lynn Margulis. The SET theory hypothesizes that the first 
eukaryotic cells evolved through a series of separated symbiotic partnerships of the 
proto-eukaryote with two different kinds of prokaryotic cells: a free-living aerobic 
alphaproteobacterium, which originated the modern mitochondria, and a 
cyanobacterium-like cell, which gave rise to chloroplasts (Margulis, 1993). 
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Nowadays, endosymbiosis has still an important role in speciation processes and 
colonization of new environmental habitats. This kind of phenomenon is common in 
unicellular eukaryotes such as ciliates, where different microorganisms occupy 
various niches in the host cell compartments (Gӧ rtz, 2001). 
 
 
1.2 Intracellular bacteria in ciliates 
1.2.1 Ciliates as host organisms 
Ciliates (phylum Ciliophora) are globally diffused unicellular eukaryotic organisms 
which can be found in extremely diverse habitats (Finlay et al., 1996). The ciliate cell 
is frequently colonized by intracellular bacteria, offering them a great variety of 
suitable habitats (Schweikert et al., 2013) ranging from the host cytoplasm to the 
nuclear apparatus (Figure 1). As phagotrophic predators of microorganisms, ciliates 
bear a high risk to contract bacterial infections if bacteria are able to resist digestion, 
escape from phagosomes and colonize the host cell compartments. In this manner, the 
phagocytosis mechanism is probably the usual way in which potential intracellular 
bacteria enter in their host cells. 
 
Figure 1: The ciliate cell with cell compartments localizations of intracellular 
bacteria. The oral apparatus is the only place where phagocytosis occurs. Infact, the 
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ciliate cell is surrounded by a continuous superficial layer, called cortex (1), that 
bears the external ciliature and some accessory elements, such as extrusomes, 
mitochondria and alveoli. The internal part of the cell contains cytoplasm (2) and 
organelles, that is to say mitochondria (3), endoplasmic reticulum (4), and the nuclear 
apparatus constituted by the macronucleus (5) and the micronucleus (6). Bacteria 
surrounded by a peribacterial membrane could be found in the cytoplasm (7). In this 
Figure is also presented the digestive vacuole route across the cell (the big arrow is 
the entrance through oral apparatus, and the small arrow is the exit across the 
cytoproct) (modified from Prof. Fokin’s lectures). 
 
 
1.2.2 Diversity of endosymbionts 
Intracellular bacteria in ciliates are widespread and could be found in all the 11 
classes of ciliates (Fokin, 2012). According to the stability of the association 
endosymbiont-host, three different groups of endosymbionts can be identified: 
accidental invaders, permanent endosymbionts and highly infectious endosymbionts 
(Gӧ rzt, 1983; Fokin, 2004). The first group is quite heterogeneous, and includes also 
symbiotic associations recorded only once in literature. These host’s accidental 
colonizers could not be maintained as endosymbionts for a long time, due to 
insufficient adaptations to the intracellular life condition. The second group is 
represented by permanent endosymbionts which constitute an “obligatory system” for 
the host if the intracellular bacteria are always present, or a “facultative system” if 
bacteria are frequently found in geographically separated ciliate populations. These 
endosymbionts are assumed to be well adapted to the host organism, and they are not 
considered pathogens since they are kept in the host cell without apparently 
damaging it. A particular case is represented by the bacteria of Caedibacter genus, a 
killer endosymbiont that produces a toxin lethal for ciliates of the same species of the 
host which do no bear the bacteria (Schrallhammer, 2010). The host is in fact 
resistant simply for being infected.  
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Polynucleobacter necessarius is instead a cytoplasmic and obligate endosymbiont of 
ciliates from a monophyletic group of species of the Euplotes genus, in which it 
became indispensable for host survival (Springer et al., 1996).   
The last group is the highly infectious one, and the members of this group are 
bacteria from the genus Holospora (for details see paragraph 1.3).   
 
 
1.2.3 Molecular characterization 
The characterization of uncultivable and intracellular bacteria has been for a long 
time not possible, since the isolation of these bacteria in pure cultures was 
impracticable. The proposal of an innovative method, namely the full-cycle rRNA 
approach, allowed to solve this problem (Figure 2) (Amann et al., 1991; Amann et al., 
1995).  
 
Figure 2: Overview of the full-cycle rRNA approach (modified from Amann et al., 
1995). 
 
This method utilizes the sequence of the gene encoding for the rRNA of the small 
subunit of the ribosome as molecular marker for the characterization. This sequence 
has a length of circa 1500-1600 nucleotides and it contains sufficient information for 
reliable species distinction and phylogenetic analyses. The full-cycle rRNA approach 
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consist in several steps. First, the ciliates are screened using fluorescence in situ 
hybridization (FISH) with universal probes for the 16S rRNA gene; in case of 
endosymbiont presence, DNA extraction and PCR amplification of the almost 
complete sequence of the 16S rRNA gene is performed. Then the sequence of the 
PCR product is obtained by direct sequencing or after cloning. Finally, the 16S rRNA 
sequence is used to design a specific FISH probe, which allows to identify 
unambiguously the symbiont cells inside the host (Amann et al., 1991).  
Once obtained the complete sequence of the gene encoding for rRNA of the small 
subunit of the ribosome, a comparison is made with sequences databases and a 
phylogenetic analysis is performed. 
The molecular characterization of environmental microbial communities is nowadays 
catching the interest of many scientists, since these microorganisms could be possible 
reservoirs of potential pathogens. In fact, several protists have been identified as 
natural reservoirs of different intracellular bacterial pathogens, such as Legionella, 
Chlamydia and Mycobacterium, which have been retrieved as intracellular bacteria in 
amoebae (Gӧ rtz et al., 2002; Molmeret et al., 2005). In recent years, several bacteria 
phylogenetically related to pathogens have been found also in ciliates. For example, a 
bacterium from the genus Francisella has been found in association with the ciliate 
Euplotes (Schrallhammer et al., 2011). Moreover, members of Rickettsiales, an order 
of obligate intracellular bacteria, have also been found as endosymbionts of ciliates. 
These findings have attracted a great deal of attention, because some species 
belonging to this group, such as Rickettsia spp. and Orientia tsutsugamushi, are well 
known etiological agents of many human and vertebrate diseases (Fournier et al., 
2009). Several members of Rickettsiales order have been found in ciliates as well as 
in other protists, highlighting the great biodiversity of this group (Ferrantini et al., 
2009; Vannini et al., 2010; Boscaro et al., 2013a; Schrallhammer et al., 2013; Sun et 
al. 2009). Therefore, ciliates are useful biological systems for investigations on the 
biodiversity of Rickettsiales and could be natural reservoirs of potentially pathogenic 
bacteria as well. Besides the interest for the medical field, the whole order has 
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additional importance in evolutionary context since, according to most studies 
involving molecular data, Rickettsiales bacteria and mitochondria share a common 
ancestor (Sicheritz-Pontén et al., 1998; Fitzpatrick et al., 2006). The study of these 
bacteria is fundamental to improve our knowledge on one of the most important steps 
in the history of life on earth, namely the evolution of mitochondria.   
 
 
1.2.4 Rickettsiales diversity and evolutionary considerations 
The order Rickettsiales (Alphaproteobacteria) comprises four different families: 
Anaplasmataceae, Rickettsiaceae, “Candidatus Midichloriaceae” and Holosporaceae 
(Figure 3).  
All members of this order are obligate intracellular bacteria, which are associated 
with a diverse range of eukaryotic host cells (Darby et  al., 2007). 
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Figure 3: Overview on the phylogenetic tree of the order Rickettsiales build on the 
16S rRNA gene sequence using Maximum likelihood method (modified from 
Boscaro et al., 2012). 
 
The Anaplasmataceae family includes intracellular bacteria that infect naturally a 
great variety of wild and domestic animal species, causing sometimes zoonosis 
(Rikihisa, 2006). Some examples of bacteria are Anaplasma, a tick-borne pathogen of 
cattle worldwide, and Wolbachia, the most abundant bacterial endosymbiont of 
arthropods and of some nematodes (Darby et  al., 2007). Symbionts of ciliates or 
other protists from this family are not known. 
The second Rickettsiales family is the Rickettsiaceae. The members of this family are 
both pathogenic bacteria, like Rickettsia and Orientia, and ciliate endosymbionts 
(Ferrantini et al., 2009; Schrallhammer et al., 2013; Vannini et al., 2014). The 
pathogenic members cause several relevant disease in humans, such as epidemic 
typhus, scrub typhus or Rocky Mountain fever. 
The candidate family Midichloriaceae is a newly described group (Montagna et al., 
2013). Bacteria belonging to this family are widespread distributed and are associated 
to a wide range of eukaryotic organisms, such as ticks, fleas, amoebae, ciliates, and 
fishes (Beninati et al., 2004; Erickson et al., 2009; Fritsche et al., 1999; Vannini et al., 
2010; Lloyd et al., 2008). The members of “Candidatus Midichloriaceae" could be 
potential pathogens for human and vertebrates, for example a bacterium closely 
related to “Candidatus Midichloria mitochondrii” might be the cause of the 
strawberry disease in trout (Lloyd et al., 2008), and additionally humans parasitized 
by ticks, the natural hosts of “Candidatus Midichloria mitochondrii”, were 
seropositive to this bacterium (Mariconti et al., 2012a).  
The last family, Holosporaceae, which is the phylogenetically most basal of the 
order, includes obligate intracellular bacteria present in ciliated protists. All members 
share particular features, such as high infectivity, nuclear localization, morphology of 
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the infectious forms and host specialization (for details see paragraph 1.3.4) (Boscaro 
et al., 2012).  
As already mentioned in paragraph 1.2.3, the study of the association between 
Rickettsiales and protists is interesting to understand the evolution of the 
mitochondrial symbiosis. For example, it has been recently reported the presence of 
flagella and/or flagellar genes in members of Rickettsiaceae and “Candidatus 
Midichloriaceae” (Mariconti et al., 2012b; Boscaro et al 2013a, Driscoll, 2013; 
Vannini et al., 2014). These evidences strongly support the hypothesis that flagella 
were present in the ancestor of Rickettsiales and probably in the common ancestor 
with mitochondria as well. 
 
 
1.3 Holospora 
1.3.1 General features 
The members of Holospora genus are non-motile Gram-negative bacteria belonging 
to the class of Alphaproteobacteria and are all obligate endonuclear symbionts of 
ciliates (Fokin and Gӧ rtz, 2009). In fact some attempts to cultivate these bacteria on 
artificial media were tried without success.  
Holospora genus was first described in 1890 by Mardukhey Wolf-Vladimir Hafkine, 
who discovered these intracellular bacteria in the ciliate Paramecium (Hafkine, 
1890).  
Nowadays a total number of 9 species has been described: H. undulata (Gromov and 
Ossipov, 1981), H. obtusa (Gromov and Ossipov, 1981), H. elegans (Preer and Preer, 
1982), “H. recta” (Fokin, 1991), “H. acuminata” (Ossipov et al., 1980), “H.  
curviuscula” (Borchsenius et al., 1983), H. caryophila (Preer and Preer, 1982), “H. 
bacillata” (Fokin, 1989), “H. curvata” (Fokin and Sabaneyeva, 1993). In their natural 
habitat, bacteria from the genus Holospora display host and nucleus specificity. 
Indeed some species colonize the macronucleus and others the micronucleus of their 
host (Fujishima and Kodoma, 2012). The elective hosts of these bacteria are ciliates 
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of Paramecium genus, but Holospora bacteria have also been found in other ciliates 
such as Frontonia (Ferrantini et al., 2007). 
Holospora has two different morphological forms: the infectious one and the 
reproductive one (Figure 4).  
 
Figure 4: Reproductive forms (a) and infectious form (b) of Holospora (Fokin and 
Gӧ rtz, 2009).  
 
The reproductive forms have a typical Gram-negative shape, namely small rod-like 
cells (1-3 µm) with a homogeneous cytoplasm, whereas the infectious forms are 
larger (10-20 µm) and have a distinctive ultra-structure consisting in half cell 
containing cytoplasm, and the other half a periplasmic electron-dense lumen with an 
electron-translucent tip (called invasion-tip) (Gӧ rtz et al., 1989). According to the 
species of Holospora, the size of the reproductive and infectious forms is variable 
and has a species-specific shape, thus making recognizable the endosymbionts in the 
nucleus of the host cell (Fokin and Gӧ rtz, 2009). 
 
1.3.2 Life cycle and infection process 
Holospora has a peculiar and complex life-cycle with specialized forms (Figure 4) 
that ensure to this endosymbiont the infection maintenance and transmission through 
the host (horizontally), and from a generation to another one (vertically).  
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Figure 5: Overview of the infection process of Holospora (modified from Fokin and 
Gӧ rtz, 2009; Fujishima, 2009). 
 
The infection process (Figure 5) starts with an aposymbiotic host cell engulfing an 
infectious form (previously released from an infected host) present in the surrounding 
medium through phagosomes formation. The fundamental step for the establishment 
of Holospora infection is the acidification of the phagosomes that allows the 
activation and escapement of the infectious forms from the digestive vacuoles 
(Fujishima and Kawai, 1997). The infectious forms leave the phagosomes, through 
their evagination, with the recognition tip ahead where a special protein of 89-kDa 
moves from the interior part of the recognition tip to its surface (Figure 6) (Iwatani et 
al., 2005).  
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Figure 6: Fate of the 89-kDa protein during the infection procedure (modified from 
Iwatani et al., 2005).  
 
Once the infectious forms are in the cytoplasm, they escape towards the target 
nucleus (depending on the Holospora species), with the help of the host actin 
cytoskeleton systems (Sebaneyeva et al., 2009) and with the 89-kDa protein. The 
penetration inside the nucleus is supported by the  89-kDa protein, that during the 
invasion of the nucleus remains outside the nuclear envelope (Iwatani et al., 2005). In 
the newly infected nucleus, the infectious forms differentiate in the reproductive 
forms by transforming themselves into short fragments, which are the result of their 
restriction through multiple binary division (Fokin and Gӧ rtz, 2009). The 
reproductive forms represent the vegetative part of the life-cycle and subsequently 
could occupy the entire nucleus by binary fission. Depending on physiological and 
environmental conditions, such as temperature and feeding regime of the host, the 
reproductive forms can differentiate in the infectious forms which no longer divide. 
Thus, they are released after every division of the infected nuclei via a special 
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connecting piece corresponding to the equatorial part of the dividing nucleus, where 
the infectious forms are collected. Alternatively, the infectious forms leave the 
nucleus in group or individually, regardless of the nuclear cycle phase of the host 
(Fokin and Sebaneyeva, 1997). Anyhow, the infectious forms are expelled through 
the cytoproct of the host in the surrounding medium, where they can be ingested by 
aposymbiotic host, thus restarting the cycle.  
 
1.3.3 Interactions between Holospora and host    
Holospora is not indispensable for the survival of the host, and causes different 
effects on the host cells that remind typical features of a parasite. Indeed, for 
example, a high concentration of infectious forms in the host macronucleus inhibits 
the growth of the host cell, and can eventually kill it. Instead, in the case of species 
infecting the host micronucleus, a high concentration of infectious forms can repress 
the rise of the new functional macronucleus after conjugation (Gӧ rtz and Fujishima, 
1983).  
However, hosts that bear Holospora cells are advantaged compared to aposymbiotic 
cells in presence of variable environmental conditions, such as temperature and water 
salinity (Smurov and Fokin, 1998; Hori and Fujishima, 2003). Indeed, Paramecium 
infected cells can acquire osmotic shock resistance and heat-shock resistance in the 
presence of reproductive forms in the nucleus (Fujishima, 2009). The survival 
increase of the host under environmental stressful conditions has been explained by 
the constitutive over-expression of hsp70 in Holospora-infected individuals (Hori and 
Fujishima, 2003). The heat-shock proteins are generally involved in physiological 
responses to stressful conditions, in fact, as chaperones, they stabilize the 
conformation of proteins and ensure the resistance of host biochemical pathways 
(Feder and Hofmann, 2003).    
In this manner, taking advantage of the endosymbiosis, host cells adapt and ensure 
their survivor to suddenly environmental changing conditions. 
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The symbiotic associations with Holospora are not widely diffuse in nature, it was 
indeed estimated that only 5% of the total population of suitable hosts bears this 
endosymbiont (Fokin, 2004). These data evidence a diffuse mechanism of resistance 
to the bacterial infection. In fact, several studies demonstrate that the infection 
establishment and maintenance can be blocked either at early infection stages, or after 
the penetration in the nucleus (Fokin et al., 2003). 
 
1.3.4 Systematic and Taxonomy of Holospora-like bacteria 
Inside the genus Holospora have been classified nine species (Fokin et al., 2009), but 
only five of them (H. obtusa, H. undulata, H. elegans, and “H. curviuscula”) 
(Vakkerov-Kouzova and Rautian, 2011; Boscaro et al., 2012; Hori et al., 2008), plus 
H. caryophila (Schrallhammer et al., unpublished), as well as the Holospora-like 
bacterium “Candidatus Gortzia infectiva” (Boscaro et al., 2012) have been 
molecularly characterized.  
The different species can be distinguished according to particular features, such as 
host species, nuclear localization, morphology of the infectious forms and capability 
of producing the connecting piece (Fokin et al., 1996). The latter criterion was used 
to divide the genus into two groups: “classical holosporas”, which are able to induce 
the connecting piece (e.g. H. obtusa, H. undulata, H. elegans and “H. curviuscula”), 
and the others, that lack of this capacity (e.g. H. caryophila, “H. curvata”, “H. recta” 
and “Candidatus Gortzia infectiva”).  
Recently, the position of the Holospora-like bacteria has been clarified with 
phylogenetical analysis (Figure 3) (Boscaro et al., 2012). These bacteria form a clade 
in which “classical holosporas” are closely related to each other. The basal position 
of “H. curviuscula”, which is able to infect both the macronucleus and the 
micronucleus of its host (Fokin, 2004), suggests that the nuclear specialization is a 
more recent event than the host specialization. From this study is evident that the 
universal Holospora-like bacteria features clearly share a single origin and they 
strongly separate these bacteria from the other Paramecium endosymbionts, like “ 
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Candidatus Paraholospora nucleivisitans” (Eschbach et al., 2009) and the 
alphaproteobacterial members of Caedibacter genus, namely C. caryophilus and “C. 
macronucleorum” (Beier et al., 2002).  
 
 
1.4 Aim of the Thesis 
The main aim of this Thesis was to propose and perform a “complete” molecular 
study approach on bacterial endosymbionts using ciliates as model host organisms.  
The proposed “complete” approach starts with the molecular characterization of new 
bacterial symbionts and it is completed with their genomic analysis. In this Thesis, 
the approach was divided into two conceptually distinct but related parts, which were 
performed on different experimental systems, namely the molecular characterization 
of symbionts and the massive genomic DNA extraction, preliminary to sequencing 
and analysis.  
The preliminary steps for the characterization procedure were environmental 
sampling, performed mainly in the territory of the Province of Pistoia and 
establishment of ciliate cultures from the collected samples. The main procedure 
applied was the screening of the cultures to detect the presence of bacterial symbionts 
by fluorescence in situ hybridization (FISH) with the suitable 16S rRNA-directed 
probes. The endosymbiont retrieved in a selected culture was molecularly 
characterized. 
The second part of the work was performed on a selected strain of Paramecium 
octaurelia, called GFg, infected by Holospora caryophila, which had been already 
molecularly characterized (Schrallhammer et al., unpublished). Since the final 
purpose was sequencing the genome of H. caryophila, a growth experiment was 
designed to know the appropriate alimentary conditions to establish a massive culture 
maintaining a high infection level. The next step was the setting up of protocols for 
endosymbiont isolation to achieve the greatest and purest amount of Holospora 
genome in the following genomic DNA extracts, necessary for sequencing.  
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In order to evaluate how the isolation procedures worked out, two distinct approaches 
were applied, namely, FISH and real-time PCR. 
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2. Materials & Methods 
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2.1 Sampling 
During fall 2013 I took part in the sampling phase of a project aimed to characterize 
ciliates and their bacterial symbionts from the province of Pistoia that was funded by 
the Bank of Pistoia and Pescia and involved also other students.  
In this case ciliates from interstitial habitats were studied, in previously established 
localities of the Pistoia’s province (Figure 7). Sampling sites were all from freshwater 
environments, some of them were natural environments, like those of Abetone and 
Padule of Fucecchio, and others were anthropic environments like those of 
aquaculture and sport fishing lake. 
The sampling procedure consisted in picking up water, paying attention to take also 
some substrate, in a sterile container, usually a 50 ml Falcon tube (it was sufficient to 
have a sterile and transparent container made of plastic or glass) and leave some air 
on the top to allow the survival of aerobic species during the transportation in the lab. 
It was necessary to note general sampling conditions, for example time of collection, 
weather conditions and characteristics of the habitat, and to measure physical and 
chemical parameters of the water (e.g. temperature, pH, dissolved oxygen, salinity).  
 
Figure 7: Province of Pistoia with approximate geographical location of sampling 
sites: (1) Abetone; (2) Aquaculture, Ombrone stream and Torbecchia stream; (3) 
Sport fishing lake; (4) Padule of Fucecchio. 
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2.2 Isolation of ciliates & culture maintenance 
2.2.1 Isolation of ciliates 
The environmental samples were screened under a stereomicroscope in the lab. The 
screening procedure consisted in taking an aliquot of the sample and putting it in a 
Petri dish. The next step was the observation, which consisted in trying to identify the 
different ciliate taxa present in the sample. Generally, at least the class of affiliation 
of each ciliate was determined, and, if possible, the lower taxonomic ranks up to 
genus or even species were recognized through the presence of peculiar 
morphological or motility characteristics. 
The establishment of ciliates cultures was a complex and scrupulous procedure that 
consisted in selecting from the environmental sample ciliates belonging to the same 
taxa (apparently belonging to the same species) one by one with a micropipette; 
hence, each cell was washed in mineral water to remove possible contaminants and 
placed in a small Petri dish. Since the purpose was to find bacterial endosymbionts, it 
was necessary to isolate more than one cell, because this would strongly increase the 
probability to find a cell bearing a symbiont respect to a monoclonal culture. 
 
2.2.2 Culture maintenance 
The maintenance of ciliates culture had the intent to increase the number of cells and, 
therefore, allowed to perform further morphological or molecular characterization of 
ciliates, but also the screening for bacterial symbionts.  
Ciliate cultures were differently fed according to their food preferences. As food for 
ciliates that fed on bacteria, it was used a bacterized medium with the 
gammaproteobacterium Raoultella planticola. Such medium was obtained by the 
inoculation in Cerophyll-medium (see Appendix I) of a suitable number of bacterial 
aliquots stocked in glycerol (for aliquot preparation, see Appendix II), followed by an 
incubation at 37°C for about 24 hours before use.     
On the contrary, some ciliates need different kind of food organisms, such as the 
unicellular green alga Dunaliella tertiolecta, or the diatom Phaeodactylum 
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tricornutum. The preparation of algae required a periodical (every 7-14 days) 
inoculum of 50-250 ml/l of a dense algal culture in sterile artificial brackish or 
marine water (5‰ or 33‰ salinity, respectively) in which was added 1 ml/l of 
Walne-medium (a specific salt solution for photosynthetic unicellular organisms, see 
Appendix I). The inoculated medium was kept in a sealed flask inside a thermostatic 
chamber, which ensured constant physical parameters: 19°C of temperature and day-
night cycle of 12 hours each provided by a light source. An insufflator gurgled air, 
assuring constant provision of oxygen, and a siphon allowed the coming out of the air 
in excess.  
Ciliate cultures were fed once or twice a week, with food supply varying in 
accordance to culture conditions and referring to some specific criteria such as cell 
density, medium turbidity and food residuals. The denser and healthier cells received 
more food, while the encysted or less abundant cultures were fed differently 
considering their status. 
 
 
2.3 Screening of cultures  
The screening of cultures consisted in examining each ciliate culture to determine the 
possible presence of bacterial endosymbionts using fluorescence in situ hybridization 
(FISH) (Amann et al., 1991). FISH is a cytogenetic technique used to detect and 
localize the presence or absence of specific nucleic acid sequences of interest using 
fluorescent oligonucleotide probes.  
In this case the target sequence was the 16S rRNA, namely the RNA molecule of the 
small subunit of the ribosome. The gene encoding for this RNA is widely used to 
characterize bacterial communities (Amann et al., 1990) for environmental and 
phylogenetic studies, since it is a highly conserved region among bacteria. 
For this kind of purpose ciliate cells needed to be prepared and fixed on glass slides. 
The first step consisted in separating some cells from a seven-days starving culture in 
a sterile medium (generally mineral water) and  washed them several times (at least 
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5). Before the last washing step, the cells were left for at least 24 hours without food. 
This ensured that bacteria or other food particles present in the digestive vacuoles 
were degraded through digestion and did not cause false positives or auto-
fluorescence that would disturb the interpretation of FISH results. When the washing 
was completed, a total number of 20-30 cells was concentred in a small drop of water 
which was then placed on a slide.  
Subsequently, cells in the drop were fixed adding a drop of fixative of approximately 
the same dimension under the chemical flow. According to the specific structure of 
the ciliate body, different fixatives substances were used, such as formaldehyde 30% 
in PBS 1X, paraformaldehyde 4% in PBS 1X, Bouin’s solution (Sigma-Aldrich®) 
and osmium tetroxide 4% aqueous. Then it was necessary to wait few minutes to let 
the fixative work, and afterwards the liquid was aspired using a micropipette being 
careful not take also the cells. Finally a drop of ethanol 95% in water was added and 
left drying to stick cells to the slide. The last step consisted in dehydrating the 
samples with three subsequent passages of 10 minutes each of increasing (50%, 80% 
and 100%) ethanol concentration, before performing FISH (see Appendix III). 
Each culture needed two slides: the control one and the experiment one. In 
experiment slide, fluorescent probes that bound to the bacterial rRNA were used to 
determine if endosymbionts were present inside the cells. Control slide was used to 
exclude possible false positives due to the presence of autofluorescence through the 
comparison between slides.  
Different fluorescent probes (Table 1) and DAPI (4’,6-diamidino-2-phenylindole), a 
fluorescent stain that binds to DNA (Exmax = 358 nm,  Emmax = 461 nm in the 
wavelength of blue), were used to screen cultures. Each probe was bound either with 
the fluorophore Cy3 (Exmax = 550 nm,  Emmax = 570 nm in the wavelength of red), or 
with the fluorophore FITC (fluorescein isothiocyanate) (Exmax = 495 nm, Exmax = 519 
nm in the wavelength of green). A combination of two or more probes with the two 
different fluorophores was generally used (Table 1). The comparison between the 
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different signals allowed to determinate the presence and the location of the 
intracellular bacteria, as well as the taxonomic group, depending on probe specificity.  
In the first step of culture screening, it was used a mix of probes targeting the most 
common variants of a highly evolutionary conserved site in the 16S rRNA of 
Eubacteria (Table 1). Then the sample was observed under an epifluorescence 
microscope. 
 
Probe 
combination 
Probe Name Sequence 
(5’ - 3’) 
Target Reference 
 
 
“Eub” mix 
Eub338-I-Cy3 GCTGCCTCCCGTAGGAGT  
Different 
subgroups of 
Bacteria 
Amann et al. 
1990 
Eub338-II-Cy3 GCAGCCACCCGTAGGTGT Daims et al. 1999 
Eub338-IV-Fluo GCAGCCTCCCGTAGGAGT Schmid et al. 
2005 
Eub338-V-Cy3 GCTGCCTTCCGTAGAAGT Vannini et al. 
2010 
 Alfa19-Cy3 CGTTCGYTCTGAGCCAG Alphaproteobacteria Manz et al. 1992 
 Eub338-I-Fluo GCTGCCTCCCGTAGGAGT Bacteria Amann et al. 
1990 
 Novholo1257-
Cy3 
CCAGGTCACCCTATTGCA Holospora 
caryophila 
Schrallhammer et 
al. (unpublished) 
Table 1: List of probes used for FISH experiments. 
 
 
2.4 DNA extraction 
The extraction of DNA from ciliate cells required several preliminary steps.  
First of all it was necessary to have fasting cells for a week, then each cell was 
isolated from culture using a micropipette and washed in distilled water (6-8 times) to 
remove possible contaminants. When a total number of 50-100 cells was reached, 
ciliates were stored in 70% ethanol at -20°C. This strategy consented to isolate the 
total genomic DNA present in the sample, that is to say macronuclear, micronuclear 
and mitochondrial genomes of the ciliate, but also chromosomal and plasmidic DNA 
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of bacteria (both the possible endosymbionts and any other bacteria present either in 
the digestive vacuoles or in the residual culture medium). For this purpose we used 
the NucleoSpin® Plant II kit of Macherey-Nagel following the protocol for fungal 
extraction with some slight modifications (see Appendix IV). 
 
 
2.5 Polymerase Chain Reaction (PCR)  
2.5.1 Molecular characterization 
The molecular characterization of endosymbionts was performed using as molecular 
marker the gene encoding for rRNA of the small subunit of the ribosome, namely the 
16S rRNA gene. The approach was applied to a strain of Paramecium caudatum 
called GMü2 in which was observed the presence of an endosymbiont resembling 
Holospora undulata in the morphology and the micronuclear localization.  
PCR reactions were performed in a final volume of 40 µl using the following 
reagents:  
- 29.76 µl distilled H2O 
- 4 µl dNTP mix (2.5mM of each dNTP) 
- 4 µl Buffer 10X 
- 0,2 µl primer 16S F114 HoloCaedi (100 µM) 
- 0.2 µl primer 16S R1488 Holo (100 µM) 
- 0.24 µl TaKaRa Ex Taq® polymerase 
- 2 µl DNA extract 
The mix was subjected to an amplifying program of: 
- an initial denaturation of 2’ at 94°C; 
- denaturation for 30” at 94°C; 
- annealing for 30” at 52°C; 
- extension for 1’ 30” at 72°C; 
- a final elongation for 5’ at 72°C. 
 
X 35 cycles 
 26 
2.5.2 Application for real-time PCR 
The real-time PCR quantification required the presence of standard target samples in 
order to build the calibration curves. Therefore, the genes chosen for this purpose, 
namely the small ribosomal subunit RNA genes of Holospora caryophila, Raoultella 
planticola and Paramecium octaurelia (see paragraph 2.12.2), were preliminary 
amplified by PCR. 
The suitable PCR reactions were performed in final volume of 50 µl using the 
following ingredients:  
- 35.2 µl distilled H2O 
- 5 µl dNTP mix (2.5mM of each dNTP) 
- 5 µl Buffer 10X 
- 0,25 µl primer F (100 µM) 
- 0.25 µl primer R (100 µM) 
- 0.3 µl TaKaRa Ex Taq® polymerase 
- 2 µl DNA extract 
Primers for H. caryophila were 16S F114 HoloCaedi and 16S R1488 Holo, for P. 
octaurelia Penic 18S F82 and Penic 18S R661, and R. planticola “Bac Nadk” F340 
and “Bac Nadk” R781 (product 1) or Bac F7-4deg and Bac R1492 (product 2) (Table 
2).  
The mix was subjected to an amplifying program consisting of: 
- an initial denaturation of 2’ at 94°C;  
- denaturation for 30” at 94°C;  
- annealing for 30” at 50°C; 
- extension for 1’ 30” at 72°C;  
- final elongation for 5’ at 72°C.  
In case of the couple “Bac Nadk” F340 and “Bac Nadk” R781 the annealing 
temperature was 52°C.  
 
 
X 35 cycles 
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Primer Name Sequence 
(5’ – 3’) 
Reference 
16S F114 HoloCaedi TGAGTAACGCGTGGGAATC Boscaro et al. 2013 
16S R1488 Holo TACCTTGTTACGACTTAACC Boscaro et al. 2013 
Penic 18S F82 GAAACTGCGAATGGCTC (unpublished) 
Penic 18S R661 ACTAATGCCCCCATCTGT (unpublished) 
Bac Nadk F340 TCCTACGGGAGGCAGCAGT Nadkarni et al. 2002 
Bac Nadk R781 GGACTACCAGGGTATCTAATCCTGTT Nadkarni et al. 2002 
Bac F7-4deg AGRGTTYGATYMTGGCTCAG modified form Lane 1991 
Bac R1492 GGNWACCTTGTTACGACTT modified form Lane 1991 
Bac F785ND GGATTAGATACCCTGCTA Vannini et al. 2004 
Bac R515ND ACCGCGGCTGCTGGCAC Vannini et al. 2004 
Table 2: List of primers used for the amplification and sequencing of the small 
ribosomal subunit rRNA genes. 
 
 
2.6 Electrophoresis 
Electrophoresis was performed using agarose gel at the concentration of 1% w/v in 
TBE 1X with a voltage of 150 V for 40 minutes in TBE buffer 1X (see Appendix I). 
PCR products were loaded with a solution of glycerol (30% diluted in water), 0.25% 
bromophenol blue and 0.25% xylene cyanole as loading buffer. After the 
electrophoresis, the gel was incubated in Ethidium Bromide for 40 minutes to stain 
DNA, and finally the gel was exposed under a transilluminator to see the results of 
the run.    
 
 
2.7 PCR product purification and sequencing 
In order to exploit the PCR products for sequencing, it was necessary to purify them 
from excess of primers, PCR mixture salts, polymerase residues and low weight 
aspecific products using the EuroGold Cycle Pure Kit of EuroClone® (see Appendix 
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V). Then samples were sent for sequencing to GATC Biotech, who provided 
electropherogram of the sequences as result. For sequencing, the primer set used was 
the one of Vannini et al. (2004) (Table 2). 
 
 
2.8 Growth experiment 
2.8.1 Experimental design 
The growth experiment was designed to test the different responses of the bacterial 
endosymbiont to diverse feeding regimes of the host, and the corresponding infection 
level. 
A particular strain of Paramecium octaurelia, called GFg, infected with Holospora 
caryophila was selected for this purpose.  
An aliquot of the GFg culture was grown for a period of 10 days in a preliminary 
adaptation phase, which consisted in adding on alternate days a ¼ of Cerophyll 
medium inoculated with Raoultella planticola (bacterized medium, see paragraph 
2.2.2). This phase was aimed at inducing the culture into an exponential growth 
phase, thus preparing it for the growth experiments conditions. Once the adaptation 
phase was concluded, the growth experiment started on the 11
th
 day. It was divided 
into two consecutive parts: a feeding phase that lasted 24 days, and a starvation phase 
of 20 days which concluded when almost all Paramecium cells were dead. 
Three different feeding regimes called: “full”, “half” and “quarter”, were tested 
during the feeding phase. These treatments differed in the relative amount of 
bacterized medium added every alternate day: in the “full” condition the volume was 
doubled each time, in the “half” one ½ of the volume was added, and in the “quarter” 
one ¼ of the volume was given each time. Every treatment had three culture-replicas, 
indeed the pre-culture was split into 9 sub-cultures (Figure 8), and each of them had a 
different initial volume (“full” = 9 ml, “half” = 30 ml, “quarter” = 110 ml) due to 
experimental constraints. Since all treatments were volume-dependent, it was 
assumed that the initial difference would have been irrelevant. 
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Pre-culture
Adaptation phase:
on alternate days
addition of ¼ volume 
bacterized medium 
Feeding phase:
on alternate days
addition of bacterial
food depending on the 
alimentary treatment 
Starvation phase:
no addition of
bacterial food
x3 x3 x3
“Full”
1 volume
“Half”
½ volume
“Quarter”
¼ volume
“Full”
no food
“Half”
no food
“Quarter”
no food
Time
Day I-X
Day 1-24
Day 25-44
 
Figure 8: Overview of the experimental design showing the split of the pre-culture 
into 9 sub-cultures (three culture-replicas for each alimentary treatment), the feeding 
strategy and time subdivision. 
 
2.8.2 Cell density estimation 
The Paramecium cell density was checked at regular time intervals during the entire 
growth experiment. The control consisted in taking samples from every sub-culture 
on alternate days, both during the feeding phase (before each feeding), and in the 
starvation period. From each sub-culture were taken four sample-replicas of 500 µl to 
be fixed adding Bouin’s solution (Sigma-Aldrich®). The four sample-replicas were 
used to minimize possible errors derived from non-homogeneous cell concentration 
typical of a several litres culture. 
For the cell density estimation of each sample-replica three sub-samples replicas of 
25 µl each were taken (Figure 9), and the number of cells present in each sub-sample 
was enumerated under stereomicroscope using a 24-well plate with a grid on the 
bottom of the wells (counting chamber) (Krenek et al., 2011). In order to make the 
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counting easier, before adding cells, in each well 300 µl of deionized water with 
detergent were added to help cells distributing homogeneously and sinking on the 
bottom of the well. 
x3
x3
x3
“Full” treatment
“Quarter” treatment
“Half” treatment
Culture replica
q = 3 replicas
for alimentary treatment
Sample replica Sub-sample replica
Sample 1 (j)
Sample 2 (j)
Sample 3 (j)
Sample 4 (j)
r = 4 samples
at each time-point i for each
j culture replica
n = 3 sub-sample 
replicas for counting
each sample k
Sub-sample 1 (k(j))
Sub-sample 2 (k(j))
Sub-sample 3 (k(j))
 
Figure 9: Overall view of the sampling strategy with four sample-replicas taken from 
each culture-replica at every time-point and three sub-samples replicas used for 
counting each sample. 
 
2.8.3 Infection level control 
The infection level was controlled by FISH every 5-6 days. 
Circa 70 cells of Paramecium were randomly picked from a pool of the 4 sample-
replicas used for cell density enumeration and concentred in a drop on a slide. Then 
the liquid containing Bouin fixative was removed by aspiration with a micropipette 
without taking cells. Subsequently a drop of ethanol 95% in water was added and left 
drying to stick cells to the slide. Afterwards we proceeded with the dehydration of the 
samples in three steps of 10 minutes each with increasing (50, 80 and 100%.) ethanol 
gradient. Finally FISH was performed (see Appendix III). 
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In this case two different 16S rRNA directed fluorescent probes were used together 
with DAPI: a general bacterial probe as control, the Eub338-I-Fluo, and a H. 
caryophila-specific probe, NovHolo1257-Cy3 (Table 1). Afterwards samples were 
controlled under an epifluorescence microscope.  
The aim was to make a rough estimation of the infection level, so a total number of 
50 cells was controlled and assigned to three different infection level classes 
according to the approximate number of endosymbionts present in the macronucleus 
of the host. The three classes created were named: “absent” in case there was less 
than 5 (extremely low infection under that threshold were considered as equivalent to 
no infection present) or no Holospora cell; “low” when there were between 5 and 100 
Holospora cells; and “high” in presence of more than 100 endosymbiont cells (Figure 
10). 
 
Figure 10: The three infection classes of Paramecium octaurelia GFg reported in the 
three fluorescence channels (NovHolo1257-Cy3: a, d, g; Eub338-I-Fluo: b, e, h; 
DAPI: c, f, i): absent (a, b, c), low (d, e, f), high infection (g, h, i). 
 
 
 
 
10 µm 
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2.8.4 Statistical analysis 
After the determination of Paramecium cell numbers through enumeration from each 
sub-sample (see paragraph 2.8.2), these numbers were used to infer the 
concentrations and total cell numbers in the respective cultures. As preliminary step, 
it was necessary to transform concentrations and the total cell numbers in natural 
logarithm in order to perform linear regression and to make the analysis and 
visualization of data on graphs easier. Linear regression analysis was then performed 
for every treatment, to verify exponential growth of Paramecium during the feeding 
phase (which corresponds to the growth phase). Subsequently data were analyzed 
with ANOVA to test the significance of the three regressions and their deviations 
from linearity, and the variations among culture-replicas of the same treatment and 
among samples taken from the same culture. Standard error (s) and coefficient of 
variation (V) were calculated considering the results of ANOVA: 
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For what regards the infection level, chi-square test was used to test the homogeneity 
between different infection level classes as explained in the Results section 
(paragraph 3.3.2). 
 
 
2.9 Massive culture  
The set up of a massive culture consisted in obtaining a culture of several litres 
starting from a normal one (10-20 ml). The strain used, Paramecium octaurelia GFg, 
was particularly suitable for this kind of purpose because Paramecium can grow 
rapidly in few days. Nevertheless, in our case the establishment of massive culture 
was a complex procedure, since it was necessary to preserve over time the infection 
by the endosymbiont Holospora caryophila.  
 33 
Indeed, our aim was to achieve a high amount of Paramecium cells with the highest 
possible infection level by H. caryophila, necessary for the isolation of its genome. 
In order to set up the massive culture, some litres were taken from each culture-
treatment of the growth experiment before the starvation period. Using the results 
obtained from the feeding phase, on alternate days a ¼ of bacterized medium was 
added to the massive culture. After reaching circa 10-20 litres, the massive culture 
was split into two: a part of the culture continued to be fed regularly, while the other 
started a weekly starvation period in order to reduce the presence of bacterial food 
and to increase the infection level in host cells. 
 
 
2.10 Endosymbiont isolation 
2.10.1 Cleaning and concentration of the massive culture 
About 5-10 litres of massive culture were used for every isolation. The first step was 
to put the massive culture in a starvation period of 7-14 days, in order to reduce 
bacterial food and increase the infection level, thus to obtain the greatest and purest 
amount of Holospora genome. Initially the massive culture was filtered through a 
filter with pores of 100 µm to remove bigger bacterial flocks, then the culture was 
concentrated in circa 300 ml using a 10µm pores filter or paper filter that allowed 
only the passage of the medium leaving most host cells on the top. Next step 
consisted in oil-test centrifuge passages (circa 100-150 x g for 8 minutes) using 100 
ml special containers wide on the top and narrow on the bottom, similar to ampullae, 
that allow to concentrate the cells in few millilitres in the thin inferior part of the 
ampulla. Once concentrated the cells up to 5 ml, the supernatant was discarded, then, 
in order to wash cells from most food bacteria and contaminants, distilled water up to 
100 ml and another centrifuge passage (circa 100-150 x g for 8 minutes)  was 
applied, after which the supernatant was removed. This washing procedure was 
repeated 2-3 times, subsequently the concentrate was diluted in 100-400 ml with 
sterile Cerophyll-medium without grass powder (see Appendix I) to stabilize 
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physiological conditions of Paramecium. Moreover, an overnight antibiotic treatment 
was performed by adding chloramphenicol at a final concentration of 150 µg/ml. To 
find the best antibiotic concentration, we performed some preliminary experiments 
checked by FISH (not shown) which showed that such antibiotic concentration was 
not affecting Holospora infection level.  
The day after, the concentrate was filtered through the 100 µm wide pore filter in 
order to remove further bacterial residual flocks that were formed during the over-
night antibiotic treatment. Then cells were concentrated in few millilitres (usually 3-5 
ml) and at the same time washed with distilled water to remove antibiotic and small 
bacterial debris, using 2-3 centrifugal steps (100-150 x g for 8 minutes) as previously 
mentioned. Subsequently, cells were transferred into a potter to proceed with 
mechanical lysis, working on ice in order to avoid the overheating caused by repeated 
crushing. The aim was to destroy host cells (and their macronuclei) allowing the 
release of the endosymbionts. The lysis lasted up to one hour, and its state was 
checked under the Nomarski microscope every 15 minutes until completion.  
 
2.10.2 Protocols for the isolation of the endosymbiont 
In order to obtain a purer starting material for DNA extraction, an isolation protocol 
for Holospora caryophila was applied to the host cell lysate with two different 
approaches (Boscaro et al., 2013b; Schmidt et al., 1987). 
The first method was the cell fractionation proposed by Boscaro et al. (2013b), an 
approach that allowed the separation of the sample particles by size and density using 
different centrifugal increasing accelerations, so that the larger and denser particles 
sedimented at lower centrifugal forces. This method consisted in performing several 
centrifuges of the lysate initially supplemented of PBS 1X (see Appendix I) up 100 
ml, recovering each time the pellet. The first centrifuge was at 50 x g for 10 minutes, 
followed by 100 x g for 10 minutes, 200 x g for 10 minutes and finally 11000 x g for 
10 minutes (other intermediate centrifugal forces were tried during the setting up of 
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the procedure, for details see Results section paragraph 3.4). The different fractions 
were stored at -20°C for some days before extraction. 
The second approach, based on Percoll gradient, was an adaptation of the protocol 
used by Schmidt et al. (1987) for the isolation of H. obtusa and H. undulata. Percoll 
is a medium characterized by low viscosity that consists of colloidal silica particles, 
and allows the separation of sample particles by density. After mechanical crush, the 
lysate was mixed 1:2 in a 90 % Percoll solution (diluted in PBS 1X) and applied on a 
layer of Percoll (90%) in a centrifuge tube, reaching a final volume of 40-45ml. Then 
a unique step of centrifuge was performed at 20000 x g for 20 minutes at 4°C, 
without brake, to avoid the disruption of the gradient. Afterwards the sample was 
recovered and the centrifuge tube was divided into three different parts (Figure 10), 
each one was supplemented with PBS 1X (to dilute Percoll), and from every one was 
made a pellet (10000 x g for 20 minutes) to later identify the richest fraction in 
endosymbionts through quantification (see paragraph 2.12). 
 
 
Figure 10: Subdivision of the centrifuge tube used for Percoll gradient approach. The 
“A” part shows the equal division used for the first isolation with Percoll, while the 
“B” part illustrates the strategy used for the rest of the isolations. 
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2.11 Holospora caryophila  genomic DNA extraction 
A genomic DNA extraction was performed on the different fractions, obtained from 
the isolation of the endosymbiont through massive culture. For this purpose was used 
GenElute™ Bacterial Genomic DNA Kit by Sigma-Aldrich® (see Appendix IV). 
 
 
2.12 Purity evaluation 
Since the DNA of interest, namely the one of Holospora caryophila, had to be 
present in the highest possible quantity in the sample, purity evaluation of the 
fractions was performed to detect the relative amount of extraneous DNA. 
Therefore, in order to achieve the most reliable purity evaluation, the diverse 
fractions collected during endosymbiont isolation were analyzed using two different 
approaches. Thus, FISH and real-time PCR were performed, and the results 
compared to estimate the purity of the different extracts.  
 
2.12.1 FISH quantification 
The different fractions collected during the endosymbiont isolation were quantified 
through FISH technique. For this reason, 10-30 µl (Table 3) were taken from each 
step of the two different endosymbiont isolation protocols (see paragraph 2.11.2), as 
well as from the host lysate, and fixed in 500 µl Bouin’s solution (Sigma-Aldrich®). 
Then samples were centrifuged at 10000 x g for 5 minutes and the supernatant was 
removed. The pellet was initially resuspended and fixed using 750 µl of Ethanol 
100% and 750 µl of PBS 1X (see Appendix I). The volume was then variably 
reduced to obtain a suitable concentration for FISH visualization by repeating the 
centrifugation step and discarding part of the supernatant before resuspension. Then a 
drop of 15 µl was put on a glass slide for drying under the chemical flow and 
subsequently FISH was performed (see Appendix III). Two different fluorescent 
probes were used, namely Eub338-I-Fluo, which detected the presence of all possible 
bacteria, and NovHolo1257-Cy3, used as a specific probe for H. caryophila (Table 
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1), and DAPI as fluorescent DNA stain. During the observation under the 
epifluorescent microscope of every sample, pictures from the three fluorescent 
channels were taken from each of 5 views. These views were selected by tracing two 
ideal orthogonal diameters of the drop, namely one in the intersection of the two 
diameters and the others on each part of the diameter near the drop border. The 3 
views with the best pictures were later chosen to later count bacteria and make a 
relative quantification (see Results, paragraph 3.4). 
 
Step of endosymbiont isolation Sample name 
Cleaning procedure Host lysate GFg crushed 
 
Cell fractionation 
1
st
 centrifuge at 50 x g P50 
2
nd
 centrifuge at 100 x g P100 
3
rd
 centrifuge at 200 x g P200 
4
th
 centrifuge at 11000 x g Pmax 
 
 
Percoll gradient 
Upper part of the equally divided tube Percoll 1 
Middle part of the equally divided tube Percoll 2 
Inferior part of the equally divided tube Percoll 3 
1
st
 part of the tube Percoll A 
2
nd
 part of the tube Percoll B 
3
rd
 part of the tube Percoll C 
Table 3: List of samples used for FISH quantification and related corresponding 
protocol steps. 
 
2.12.2 Real-time PCR quantification 
Purity evaluation of the different fractions collected during endosymbiont isolation 
was estimated through a quantitative real-time PCR assay. 
This technique allows to detect and measure the accumulation of amplified product in 
“real time”, namely as the reaction progresses.  
The detection of real-time PCR products was performed using the fluorescent DNA-
binding dye SYBR® Green, which is able to report an increase in the amount of 
double-stranded DNA through a proportional increase in fluorescent signal.  
 38 
A specialized thermal-cycler (Eco Real-time PCR Illumina®) equipped with 
fluorescence detection modules was used.  
The gene encoding for the RNA of the small subunit of the ribosome was chosen as 
representative for its respective genome in the quantification.  
All real-time PCR reactions were performed in final volume of 20 µl, using the 
following ingredients:  
- 10 µl GoTaq® qPCR Master Mix 
- 1 µl primer F* 
- 1 µl primer R* 
- 6 µl H2O 
- 2 µl DNA template 
*preliminarily, several initial primer concentrations (namely 50 µM, 20 µM, 10 µM, 
5 µM) were tried before selecting the most appropriate one (that is to say 10 µM). 
For the amplification was used the program suggested by the manual supplied with 
the solution GoTaq® qPCR Master Mix (Promega) which consisted of: 
- polymerase activation at 95°C for 2 minutes; 
- 10 seconds at 95°C;  
- 30 seconds at 60°C ; 
- 15 seconds at 95°C; 
- 15 seconds at 55°C; 
- 15 seconds at 95°C. 
Four different assays were finally applied with primer couples either selected from 
literature o newly designed (see Table 4 and paragraph 2.13): 
- bacteria (Bac F515ND and Bac R785ND); 
- R. planticola ( 16S Raoult F443 and 16S Raoult R644); 
- H. caryophila (NovHoloRt F983 and NovHoloRt R1124); 
- eukaryotes (= Paramecium) (18S F300 and 18S R522).  
After a test for primer functionality under real-time PCR conditions, calibration 
curves were generated by the use of 10-fold serial dilutions of standard samples in 
PCR cycles x 40  
Melt curve  
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duplicate. As standard samples (as well as template for the functional tests) the partial 
SSU rDNA of the following organisms were respectively used (paragraph 2.5.2): R. 
planticola (product 1), R. planticola (product 2), H. caryophila, P. octaurelia. 
Finally, the DNA extracts were analyzed in duplicate by the four assays.  
As reference gene for the relative quantification of products was chosen the 16S 
rRNA gene of our organism of interest, H. caryophila. The method chosen for 
relative quantification was the Pfaffl method (Pfaffl, 2001). This mathematical model 
assumes that the amplification efficiencies of the target and reference genes are not 
equal and it furthermore incorporates the experimentally determined efficiencies of 
target and reference genes to correct the differences present in the different assays.  
The calculations consist in: 
 
ΔCq = Cqmean (Reference sample) – Cqmean (Target sample) 
Quantity = (Efficiency)
ΔCq
 
RQ = Quantity(Target assay) / Quantity(Reference Assay) 
 
The RQ value was calculated for each extract of the same isolation day and the first 
isolated fraction extract (P50, Percoll 1 and Percoll A) was used as reference sample.  
 
Primer Name Sequence 
(5’ – 3’) 
Reference 
Bac F515ND GTGCCAGCAGCCGCGGT Vannini et al 2004 
Bac R785ND GGATTAGATACCCTGGTA Vannini et al 2004 
16S Raoult F443 CGAGGAGGAAGGCGTTA This study 
16S Raoult R644 CAAGACTCAAGCTTGCCA This study 
NovHoloRt F983 ACCGGCCTCTTGACATAGG This study 
NovHoloRt R1124 CTCAGCATAACCTGTAGCAAC This study 
18S F300 AGGGTTCGATTCCGGAGA (unpublished) 
18S R522 CTGGAATTACCGCGGCTG Rosati et al 2004 
Table 4: List of primers used for real-time PCR. 
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2.13 Real-time PCR primer design 
Because of their absence in literature, real-time PCR primers for the 16S rDNA of 
Holospora caryophila and Raoultella planticola were designed with the probe design 
function of the ARB software package (Ludwig et al., 2004).  
The sequences retrieved from the software were checked and, if necessary, manually 
edited, in order to fulfil the guidelines suggested by the manual supplied with real-
time PCR thermal-cycler were observed, namely:  
- 50-60% of GC content;  
- melting temperature between 50°C and 60°C;  
- no secondary structures of the target adjusting primer locations outside of it; 
- to prevent repeats of Gs or Cs longer than three bases; 
- to place Gs and Cs on ends of primers; 
- to ensure no 3’ complementarity of forward and reserve primers; 
- to place primer forward and reverse primers at a distance of 75-200bp in order to 
obtain a suitable length of the amplicon.  
The primer specificity was finally checked on the online database of Ribosomal Data 
Project (http://rdp.cme.msu.edu/index.jsp).  
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3. Results 
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3.1 Culture screening 
Culture screening consisted in using different combinations of fluorescent probes for 
the 16S rRNA to detect the presence of possible intracellular bacteria (as described in 
paragraph 2.3).  
A total number of 75 ciliate cultures, mainly from the Pistoia province, was screened, 
and only 6 cultures presented possible endosymbionts (Table 4), either from the 
results of the hybridization procedure or from the DAPI signal only (Figure 11), 
although these data need to be confirmed by completing the full-cycle rRNA 
approach and by further experimental analysis.  
 
Figure 11: Culture screening results: αLgG2_Pb (a, b, c); βOmb1_Stichored (d); 
γPFEU4_Stichobig (e); γTS1_Stichomedium (f); βLan3_Pb (g); βAcq1_Csp (h, i).  
In the blue channel, the signal from DAPI is presented, whereas in the green and red 
channels the signal from different bacterial probes are shown, namely Eub338-IV and 
Eub338-I + Eub338-II + Eub338-V respectively. 
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Culture name Ciliate species Endosymbiont localization 
αLgG2_Pb Paramecium bursaria cytoplasm 
βAcq1_Csp Colpidium campylum * cytoplasm and macronucleus 
βLan3_Pb Paramecium bursaria cortex 
βOmb1_Stichored Oxytricha ferruginea * cytoplasm 
γPFEU4_Stichobig Notohymena apoaustralis * cytoplasm 
γTS1_Stichomedium Anteholosticha monilata * cytoplasm 
*best matching result from the blast research of the respective 18S rDNA sequence (not shown). 
Table 4: List of ciliate cultures with endosymbionts. 
 
 
3.2 Molecular characterization 
Molecular characterization was performed on a selected strain of Paramecium 
caudatum, called GMü2W, in whose micronucleus was observed the presence of an 
endosymbiont morphologically similar to Holospora undulata.  
The resulting rDNA sequence was 1285bp long and gene similarity was checked 
using BLAST tool of NCBI against the nucleotide sequences database. The analysis 
revealed a 100% similarity with the H. undulata 16S rRNA gene (HE797906). 
 
 
3.3 Growth experiment 
3.3.1 Analysis of the growth of host cells 
After the enumeration of Paramecium cell numbers from each sub-sample (see 
paragraph 2.8.2), linear regression was performed for every treatment to verify 
exponential growth of Paramecium during the feeding phase. It was preliminary 
necessary to transform total cell numbers in natural logarithm in order to perform 
linear regression and to make the visualization of data on graphs easier. Then, the 
slope and intercept were calculated for the average total cell numbers each treatment 
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(Table 5; Figure 12). The coefficient of determination r
2
 of each alimentary treatment 
resulted higher than 0.9, confirming the expectations of data fitting well with the 
regression curves (Table 5). Data showed coherency between the resulting slopes and 
the differences in the food amounts provided in each treatment. Indeed slopes were 
slightly smaller than those expected from an exponential growth in which cell 
concentrations are constant and increase in number is proportional to each alimentary 
treatment (Table 5).  
 
Treatment Regression slope Regression intercept r
2
 
Full 0.32 9.18 0.99 
Half 0.17 10.55 0.97 
Quarter 0.09 11.59 0.92 
Table 5: Regression slope, regression intercept and r
2
 values of each alimentary 
treatment. 
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Figure 12: Natural logarithms of total Paramecium cell numbers plotted at selected 
time-points (circle: “full”; square “half”; triangle “quarter”). Linear regressions in the 
 45 
feeding phase (days 0-24) are represented by lines (dotted line: “full”; dashed and 
dotted line: “half”; dashed line: “quarter”) and standard deviation by bars.  
 
Subsequently data were analyzed with ANOVA to achieve a more reliable statistical 
inference. Regression for each treatment resulted to be highly significant, but in the 
meanwhile some deviations from linearity were present in all treatments (see Table 
6). Furthermore there was a quite good concordance between culture replicas of the 
same treatment, in fact only “half” treatment presented lightly significant variation 
among replicas (Table 6). 
For what regards the sampling method, it was found significance in variability among 
sample replicas in all treatments during both the feeding phase and the starvation 
phase (Table 6). Such result was considered in the calculation of the standard error (s) 
and coefficient of variation (V). These parameters were used to evaluate the precision 
of each estimation and both resulted low with respective ranges (0.03-0.22) and 
(0.22%-1.80%) for all treatments together. 
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Variability analyzed Sum of squares (SS)
a,b,c 
degrees  
of  
freedom  
(df) 
F formula 
F  
critical value 
(α=0.05) 
F empirical values 
full half quarter 
regression feeding phase (b) 
 
1 
 
 4.23 >>d >>d >>d 
deviation from regression's linearity 
feeding phase  (l) 
 
p-2 
 
2.18 6.99e 9.90 22.41 
culture replicate feeding phase (c) 
 
p(q-1) 
 
1.59 1.36 1.68 0.69 
sample replicate feeding phase (s)  pq(r-1) 
 
1.28 2.13 2.24 1.56 
sub-sample replicate feeding phase (e) 
 
pqr(n-1) -     
sample replicate 
feeding and starvation phases (st) 
 
 p'q(r-1) 
 
1.21 2.24 2.60 2.05 
sub-sample replicate 
feeding and starvation phases (et) 
 
p'qr(n-1) -     
a p is the number of time-points in the feeding phase, ptot the total number of time-points, q the number of culture-replicas for each alimentary treatment, r the number of samples-
replicas taken from each culture-replica at every time-point, n the number of sub-samples enumerated for each sample; 
b i is any time-point in the feeding phase, i' is any time-point in the whole experiment, j is any culture-replica of a given alimentary treatment, k is any sample-replica from j 
culture at i/i' timepoint, l is any replicate sub-sample from k sample; 
c ȳ  is the average cell number for the subscripted group, ŷ is the expected cell number at time-point i from regression; 
d highly significant values exceeding 1000; 
e significant values are shown in bold. 
 
Table 6: ANOVA analysis for the regression of each alimentary treatment separately.
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3.3.2 Analysis of the infection level 
The infection level was controlled on selected time-points every 5-6 days and each 
host cell was assigned to three infection classes: absent, low, high (Figure 10, 
paragraph 2.8.3, Material and methods section). 
At the beginning of the experiment (day 0), the infection level was very high in all 
nine culture-replicas (namely above 90% of highly infected cells, see Figure 13), and 
it was demonstrated that the infection level was homogeneous between culture-
replicas at this time-point (chi-square test resulted non-significant, χ2crit=26.30, 
χ2obs=8.51 with 16 degrees of freedom and α =0.05). However, the infection level 
resulted not homogeneous among replicas of the same treatment in the selected time-
point, at least once for every treatment (see Table 7). For this reason each culture-
replica was analyzed separately. Thus, the infection level of every culture-replica was 
compared for each time-point with the previous one and with the beginning of the 
experiment (day 0), only for the starvation phase was made a further comparison with 
the last day of the feeding phase (day 24, see Table 8). The majority of replicas in all 
treatments  at the end of the experiment (day 44) showed no statistically significant 
difference compared to the infection level at the beginning of the experiment. 
Anyway the infection level transitorily decreased in several cultures in both phases 
producing significant values in chi-square tests. 
As shown in Figure 10, the feeding phase was characterized by an initial decreasing 
trend in the infection level followed by an upturn, while the starvation period 
presented irregular trends.      
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Figure 13: Average proportions among the three culture-replicas of Paramecium 
cells, in which the number of total cells is 50, subdivided in the three infection level 
classes. Bars represent the standard deviations. 
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 Feeding phase time-points 
 (day) 
Starvation phase time-points 
(day) 
Treatment 0 6 12 18 24 29 34 39 44 
Full 1.41
a 
3.89 12.24
b 
3.02 2.18 5.27 4.56 2.97 8.59 
Half 0.71 0.52 15.05 0.93
c
 4.50 2.78 11.41 14.71 5.37 
Quarter 1.66 2.71 7.44 4.42 3.85 10.10 10.24 0.96 5.23 
Table 7: Chi-square values of the homogeneity tests for the infection level among 
replicas of the same treatment at each of the selected time-points (anormal characters 
have 4 degrees of freedom, critical value with α = 0.05 : 9.49;  bbold characters are 
significant chi-square values; citalics have 2 degrees of freedom, critical value with α 
= 0.05 : 5.99). 
 
treatment 
and 
culture-
replica 
 
compared 
with 
Feeding phase time-points 
(day) 
Starvation phase time-points 
(day) 
6 12 18 24 29 34 39 44 
 
Full 1 
p. time-p. 9.83a,b 5.59 3.89 0.61 8.07 8.07 0.72 1.91 
day 0 9.83 10.95 3.94 4.40 10.06 4.40 6.73 3.27 
day 24 - - - - 8.07 0.00 0.72 0.35 
 
Full 2 
p. time-p. 7.23 8.68 9.04 2.28 0.00 0.20 0.45 0.79 
day 0 7.23 25.17 9.79 6.06 6.06 6.10 4.00 3.27 
day 24 - - - - 0.00 0.20 0.27 1.39 
 
Full 3 
p. time-p. 3.42 16.70 14.37 0.33 7.27 6.62 2.93 3.29 
day 0 2.57 27.7 4.34 2.61 10.8 6.41 8.9 7.52 
day 24 - - - - 7.27 1.00 4.06 1.52 
 
Half 1 
p. time-p. 1.80 3.67 5.98 2.67 4.02 0.41 1.07 9.59 
day 0 1.80 8.33 1.68 0.34 5.32 6.41 6.08 2.18 
day 24 - - - - 4.02 5.42 6.24 1.01 
 
Half 2 
p. time-p. 0.54 0.54 2.70 4.89b,c 8.91 0.22 0.76 0.55 
day 0 0.54 0.00 2.70 2.09 4.92 4.13 4.99 2.85 
day 24 - - - - 8.91 8.71 8.04 6.54 
 
Half 3 
p. time-p. 0.12 6.22 8.31 2.17 6.22 3.87 4.02 11.28 
day 0 0.12 7.08 1.41 1.76 2.85 10.97 12.25 0.12 
day 24 - - - - 6.22 13.71 18.26 2.46 
 
Quarter 1 
p. time-p. 1.89 0.00 2.15 0.00 0.39 7.53 7.53 5.72 
day 0 1.89 1.89 3.17 3.17 5.19 1.01 5.06 2.00 
day 24 - - - - 0.39 5.26 0.55 3.50 
 
Quarter 2 
p. time-p. 2.04 0.34 3.85 4.91 1.89 1.04 1.19 0.15 
day 0 2.04 1.01 6.02 0.15 1.04 0.00 1.19 1.01 
day 24 - - - - 1.89 0.15 1.01 1.14 
 
Quarter 3 
p. time-p. 1.38 3.15 1.39 1.43 6.23 1.85 0.39 1.21 
day 0 1.38 6.54 3.17 1.01 8.91 5.19 3.17 3.09 
day 24 
- - - - 6.23 3.07 1.43 1.04 
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Table 8: Chi-square values of homogeneity tests for the infection level of every single 
replica-culture compared with two/three different time-points (
a
normal characters 
have 4 degrees of freedom (critical value 9.49 with α = 0.05), b and bold characters 
are significant chi-square values, c and italics have 2 degrees of freedom (critical 
value 5.99 with α = 0.05)). 
 
 
3.4 Endosymbiont isolation 
The setting up of the final isolation protocol, as reported in paragraph 2.10, was 
improved and modified over time in every single procedure to improve the efficiency. 
A total number of 13 isolations was performed during the endosymbiont isolation.  
 
3.4.1 Cleaning and concentrating optimization 
The starvation period of the massive culture, aimed to increase infectious forms and 
reduce food bacteria, initially lasted 10-14 days, but it was subsequently reduced up 
to 7 days. This time reduction conditioned minimally the infection level (see 
paragraph 3.3.2) and it was intended to speed up the procedure and perform the more 
extractions as possible. After the filtration with the 100 µm filter, the next filtration 
step with the 10 µm was substituted by the more efficient paper filter that allowed to 
increase the speed of the procedure without reducing the yield. The centrifugal 
concentrating and washing step was straight on performed, and several centrifugal 
accelerations were tried to maintain concentration efficiency without damaging 
Paramecium cells, until having found the most suitable one (100-150 x g for 8 
minutes). The same centrifugal steps were applied before and after the antibiotic 
treatment and they ranged from 2 to 3 according to the bacterial debris presence. 
After the over-night antibiotic treatment, a filtration with a 100 µm pores wide was 
introduced in order to obtain the cleanest final concentrate removing residual 
bacterial flocks formed during the night. 
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In order to control the goodness of the previous procedure, FISH was performed on 
samples collected from the lysates. This technique was used to perform a relative 
quantification of each sample using Holospora number as reference. The ratio 
between the number of bacteria bound with DAPI-stained bacteria and Holospora 
probe, as well as the ratio between bacteria bound with Eub338-I and Holospora 
probe, were calculated and averaged on three views for each sample (as described in 
paragraph 2.12.1). The quantification was performed only on lysates collected from 
the 14
th
 June 2013, when the cleaning and concentration procedure was mostly 
optimized. However the different lysates showed a variable degree of purity, as 
reported in Figure 14A. Unfortunately, due to insufficient material collected and/or 
losses during FISH procedure, for some samples the estimates were made on a single 
view, while for other samples it was not possible to obtain any estimate at all. 
 
3.4.2 Isolation protocols optimization 
The two alternative protocols followed for the isolation of the endosymbiont were 
slightly modified during method setting up procedure in order to optimize the 
protocol, taking also into account the optimization of the previous cleaning steps.  
Cell fractionation procedure was initially characterized by intermediate centrifugal 
accelerations, such as 300 x g and 1000 x g, which were quickly eliminated to 
maximize the amount of material in the last fraction (Pmax) and speed up the 
procedure. Percoll gradient approach was slightly modified, changing the subdivision 
of the centrifuge tube, which was equally divided into three parts in the first 
experiment (Figure 10A, in paragraph 2.10.2, Material and methods section), whereas 
for all the other isolations a different subdivision pattern was applied, as reported in 
Figure 10B. 
A FISH approach was utilized to verify if fractions were characterized by the highest 
degree of purity related to Holospora presence, as described for cleaning and 
concentrating procedure. Also in this case, the samples were collected from the 14
th
 
June 2013. In this case, an insufficient quantity of material led to highly incomplete 
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data, especially considering that in most isolation days there was no complete record 
for all fractions. For what concerns cell fractionation, P50 and Pmax had a higher 
degree of purity compared to the other fractions from the same isolation day (Figure 
14B). 
In case of Percoll gradient approach, in the only case when comparison was possible 
the purest fraction resulted the upper part of the centrifuge tube, namely Percoll 1 
(Figure 14C). 
As an additional observation, it was possible to notice that in several cases the purest 
fractions (namely P50, Pmax, Percoll 1 and Percoll A, determined with the previous 
data and the results of the real-time PCR approach from paragraph 3.4.3) had a higher 
purity than the corresponding GFg-crushed sample, whereas for the other fractions 
the opposite was often true.  
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Figure 14: Mean of the ratio between DAPI-stained bacteria and Holospora-bound 
(in blue), and between Eub338-I-bound bacteria and Holospora-bound (in green) as 
determined in FISH experiments. Bars indicate the respective standard deviations, 
while “*” stands for samples for which was possible to take only a single view. The 
first histogram represents the purity of crushed samples (A), the second one and third 
one illustrate the purity after the symbiont isolation approaches, namely the cell 
fractionation (B) and Percoll gradient (C), respectively. 
 
 
3.4.3 Real-time PCR purity evaluation 
The relative quantification of the different fractions, collected during the 
endosymbiont isolation, was performed using the 16S rRNA as reference gene of 
Holospora caryophila since our aim was to estimate the purity of the different 
fractions in relation to H. caryophila presence. 
 
3.4.3.1 Real-time PCR standard curves 
The four standard curves were generated as described in paragraph 2.12.2. In the 
following table are reported PCR efficiency, R
2
 and Ct of each curve:  
 Standard curve name Efficiency R
2
 Ct range  
Bacteria 106.48% 1 14,76-24,23 
Eukaryotes 100.9% 0.990 10,5-26,61 
Holospora caryophila 102.3% 0.997 9,30-22,45 
Raoultella planticola 97.79% 0.996 14,98-28,76 
R
2
 is the deviation measure of experimental data from the standard curve. 
Ct (cycle threshold) range represents the validity interval of the standard curve. 
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Figure 15: The four standard curves: bacteria (A), eukaryotes (B), Holospora 
caryophila (C) and Raoultella planticola (D). 
 
3.4.3.2 Real-time PCR relative quantification 
The method chosen for relative quantification was the Pfaffl method (as described in 
paragraph 2.12.3). All samples extracted from the 19
th
 of April 2013 were analyzed 
and compared using this mathematical model.  
For what concerns the cell fractionation procedure, in most cases the extract from 
Pmax had both the highest absolute level of Holospora presence (as derived by the 
simple Ct values, not shown) and the highest purity degree compared to the other 
fractions of the same isolation day (Figure 16A).  
In case of Percoll gradient approach, Percoll 1 and Percoll A resulted both the purest 
fractions in terms of Holospora quantity and the ones with highest absolute levels (as 
derived by the simple Ct values, not shown) (Figure 16B). 
The other fractions from both methods generally contained lower amounts of 
Holospora (as derived by the simple Ct values, not shown) and variable levels of 
DNA from other organisms, resulting relatively high impurities.  
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Figure 16: Real-time PCR relative quantification results: cell fractioning (A) and Percoll gradient (B).  Bars indicate the 
respective standard deviations, while “*” stands for samples in which the relative quantification reached values over than 
1000. Blue bars represent bacteria assay results, green bars the Eukaryotes ones and yellow bars the Raoultella ones.
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4. Discussion 
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The “complete study” approach, proposed and performed in this Thesis, has the 
major intent to molecularly characterize new intracellular bacteria found in newly 
isolated ciliates from environmental samples, and to optimize the conditions for 
massive genomic extraction from an endosymbiont, with the final purpose of genome 
sequencing. As already mentioned in the previous sections, the work has been 
subdivided into two experimental parts.  
The first part was the molecular characterization of endosymbionts from new ciliate 
isolates. In this case, the initial step consisted in collecting samples from different 
environments (mainly coming from the Pistoia Province), thus making more probable 
to find possible new intracellular bacteria. After the isolation of ciliate cells and 
establishment of cultures, the latter ones were screened using suitable 16S rRNA-
directed probes in fluorescence in situ hybridization (FISH) experiments to detect the 
possible presence of endosymbionts in ciliates. A total number of 75 cultures was 
screened and, according to the results presented in this Thesis, only 6 of them appear 
to host intracellular bacteria. Regardless of the fact that further experiments should be 
performed on the 6 selected strains to clearly confirm these results, this number is 
quite low considering the diversity of ciliate classes and environments investigated. 
Indeed, the ratio of infection was much lower compared to others present in literature 
(nearly 70%) (Fokin, 2012). A possible explanation of this limited number of 
endosymbionts is that many of these cultures were established a year before this work 
began. Probably in the beginning several cultures presented intracellular bacteria that 
may had been lost during their permanence in lab. In fact, laboratory conditions often 
may not favour the maintenance of the bacterial association because environmental 
conditions are sometimes not reproducible (Fokin, 1993; Gӧ rtz, 2008). Ideally, 
samples should be immediately checked after their collection with the aim of having 
a more reliable idea of the effective endosymbiont abundance in ciliates natural 
populations. Unfortunately, in this case the timing of the project did not allow to 
perform the screening more rapidly. 
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The 6 potentially infected cultures include 3 stichotrichs, 2 Paramecium bursaria, 
and a Colpidium campylum. All the stichotrichs have DAPI-stained particles in the 
cytoplasm, which did not correspond to clear signals with the probes used. Therefore, 
they could be bacteria with some mismatches with the universal probes used, but it 
also possible that these are just auto-fluorescent endoplasmic inclusions, often present 
in stichotrichs (Lynn, 2008). One strain of P. bursaria (βLan3) showed apparently 
high infection level and prevalence (not shown). The bacteria are probably located in 
the host cortex, which has never been reported in literature (Skoblo et al., 1985; 
Vakkerov-Kouzova et al., 2011; Gong et al., 2014). The other strain (αLdG2) 
potentially harbours bacteria in the cytoplasm a more usual location for P. bursaria, 
but a high degree of auto-fluorescence, also in the negative control (not shown), 
prevents coming to precise conclusions. Concerning the Colpidium strain, there is a 
possibility of bacterial presence both in the cytoplasm and in the macronucleus. Also 
in this case, the involvement of auto-fluorescent particles, as well as bacteria 
contained in food vacuoles, still needs to be determined 
In any case, as already stated, all these cultures will need a more deeper investigation 
to elucidate about the presence of endosymbiotic bacteria and, in case, highlight their 
precise intracellular location. 
The next step proposed in this “complete approach” was the molecular 
characterization of a selected culture. For this purpose was chosen a strain of 
Paramecium caudatum, called GMüW2, in whose micronucleus was observed the 
presence of a bacterium morphologically similar to Holospora undulata. The 
molecular characterization had the aim to verify if this endosymbiont corresponded to 
the expected species, or alternatively was a new Holospora species. The resulting 
16S rDNA sequence showed that this bacterium had a similarity of 100% with the 
already characterized H. undulata by Boscaro et al. (2012). Furthermore, both these 
endosymbionts were found in P. caudatum host populations sampled in southern 
Germany (in case of GMüW2, the location was Munich, while the one of Boscaro et 
al. (2012) was collected in Stuttgart), thus confirming the presence of Holospora 
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genus in the northern hemisphere, mainly in regions with a temperate climate (Fokin, 
2004). Since this endosymbiont was previously investigated, it was not necessary to 
proceed in further molecular analysis expected by the full-cycle rRNA approach 
(Amann et al., 1991). Moreover, a genome sequencing for this symbiont was 
excluded, because the draft genomic sequence of H. undulata had already been 
published (Dohra et al., 2013). 
For this reason, the second part of the Thesis, namely the massive genomic DNA 
extraction, was performed on Holospora caryophila, infecting a strain of 
Paramecium octaurelia, called GFg. A growth experiment was designed (Figure 8) to 
know which alimentary treatment was the most appropriate one to establish a massive 
culture, maintaining an high infection level, in order to have a high quantity of 
starting material available for the DNA extraction. 
The growth experiment tested both how the host reacted to three different alimentary 
treatments and how the infection level varied in response to these feeding regimes. 
For what concerns the response of the host, it was experimentally observed that the 
growth of Paramecium was nearly exponential during the feeding phase and it was 
approximately proportional to the amount of provided food in each treatment (Figure 
12 & Table 5). Indeed the growth rate of the host was slightly lower than an ideal 
condition with constant cell concentration at carrying capacity. On the other hand, the 
trends were not regular, as proved by the results of the ANOVA, in which were 
present some significant deviations from linearity (Table 6). These findings are 
probably consequences of some variations in environmental and physiological 
conditions, namely changes in bacterial food quality, oxygenation and variable 
temperature. However, the response to each alimentary treatment of the host was 
mostly equal among replicas of the same treatment, thus suggesting the reliability of 
the observations.  
At the beginning of the starvation phase, the maximal cell density was quickly 
reached and afterwards cells remained in the stationary growth phase for the major 
part of the last part of the experiment (Figure 12), thus confirming the hypothesis that 
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the Paramecium cells were close to carrying capacity, until their number decreased 
because of cell death.  
Instead for what regards the infection level, none of the applied alimentary treatments 
actually changed the infection level. During the growth phase, the infection level of 
some cultures significantly decreased in parallel to the higher rates of the host, but a 
recovery was observed at the end of the feeding phase due to a presumable delay in 
the adaptation of the endosymbiont to its host growth rates. The delay in the 
adaptation of the symbiont is not divisible from the effects of the temporary reduced 
host growth that could have encouraged the new diffusion of the infection. At the 
beginning of the starvation phase the infection level was very high, but later it was 
observed a temporary decrease, possibly caused by some parasitic effect of 
Holospora. A similar finding has been pointed out on H. undulata (Kaltz and Koella, 
2003; Restif and Kaltz, 2006), in which highly infected cells died more rapidly.   
The results of the growth experiment suggest that H. caryophila infection could be 
efficiently maintained for a long time, despite the intense alimentary treatment of the 
host. These findings are in contrast with observations made on other endosymbionts 
of ciliates, such as Caedibacter varicaedens, which was lost in presence of high 
fission rates of the host (Preer, 1948). This difference can be explained by the 
infectious capacities of Holospora, that could re-infect individual which have 
previously lost the endosymbiont ensuring the maintenance of a sufficient infection 
level in the host population. However, it is known that the infection by H. caryophila 
might be lost if the Paramecium host is fast dividing, as reported by Preer (1969). 
Therefore, the growth experiment was extremely important to understand how the 
infection level reacts to laboratory conditions and how the culture responds to the 
establishment of a massive culture, which is essential to obtain the greatest possible 
amount of endosymbiont genomic material. The results indicate the all alimentary 
treatments tested might be suitable for a massive culture establishment. The treatment 
"quarter" was chosen, because it was one that maintained the most constant infection 
level and had practical advantages for the organization of the experimental work. 
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In order to sequence H. caryophila genome, the following step of establishment of an 
efficient isolation protocol was mandatory. For this reason two different isolation 
approaches, already reported in literature (Boscaro et al., 2013b; Schmidt et al., 
1987), were tried and adapted. The initial step of concentrating and cleaning was 
adapted from both methods. In order to control the efficiency of the cleaning step, 
FISH was performed on samples collected from the lysates (before the “real” 
isolation step). The aim of this approach was to perform a relative quantification of 
each sample using Holospora number as reference and, due to experimental 
constraints, it was performed only on lysates collected from the 14
th
 June 2013, when 
the cleaning and concentration procedure was mostly optimized. The results showed 
that the different lysates showed a variable degree of purity and it was not possible to 
estimate all samples collected, due to insufficient material collected and/or losses 
during FISH procedure (in fact, for some samples the estimates were made on a 
single view). This variable degree of purity could be easily explained with differences 
in the amount of bacterial food present, host physiological conditions and infection 
level fluctuations, which can be considered quite common consequences during the 
maintenance of a massive culture. For the cleaning part, real-time PCR was not 
performed because it was preferred to keep the highest amount of material for the 
isolation, in order to have it available for the genome sequencing. For what concerns 
the setting up of the isolation procedure, the two alternative protocols (Boscaro et al., 
2013b; Schmidt et al., 1987) were slightly modified in order to optimize the methods 
with our necessities and endosymbiont organism (as reported in paragraph 3.4.2). To 
evaluate the efficiency of the isolations protocols, FISH and real-time PCR were 
utilized and compared to obtain a more reliable idea of extracts purities. The FISH 
approach showed that P50, Pmax and Percoll1 were the fractions with higher degree 
of purity. Moreover, it was possible to notice that in several cases the purest fractions 
had a higher purity than the corresponding GFg-crushed sample confirming that the 
isolation method was efficient. Unfortunately, it was not possible to estimate all 
fractions due to an insufficient quantity of material and to problems with the presence 
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of Percoll substance that cause a high degree of auto-fluorescence. For this reason 
and to have more precise and reliable data, real-time PCR was utilized. Also in this 
case, a relative quantification of the different fractions was performed using the 16S 
rDNA as reference gene of H. caryophila to estimate the purity of the different 
fractions in relation to H. caryophila presence. All samples extracted during the 
entire experiment were analyzed and compared, covering the uncertain sample 
situations left by FISH approach. The results showed that the extract from Pmax, 
Percoll 1 and Percoll A had both the highest absolute level of Holospora presence 
and the highest purity degree, compared to the other fractions of the same isolation 
day. These results confirmed the previous one obtained by FISH approach and 
complete the missing samples that were not possible to evaluate with FISH. For this 
purpose FISH approach revealed some disadvantages, such as long time to obtain 
results, most bacteria are optically similar, host DNA estimation is not possible and 
bacterial debris could make the counting difficult, but the main advantage is that it is 
an approach that shows directly the presence of bacterial cells, without any issue 
deriving from variable and possibly unknown rRNA gene copies as it would be in 
real time PCR. Instead real-time PCR is a more faster and precise technique, but has, 
except for the requirement of an initial step of setting up conditions, only one main 
disadvantage, which is the already mentioned issued derived the necessity to link 
rRNA gene copies to entire genome copies, which might not be always 
straightforward. Considering all these data, real-time PCR resulted a reliable 
approach, that could be supported by FISH as an external control to achieve a more 
precise purity evaluation. For what concerns the isolation method, both method gave 
comparable results, but Percoll gradient resulted more suitable for our purpose, 
considering that it was faster than cell fractionation. In conclusion, the “complete 
approach” proposed in this Thesis could be a model for the molecular study of 
endosymbionts in ciliated microorganism with the final aim of genome sequencing, a 
topic which is just starting to be addressed, as there are only two already available 
genomes were published only recently (Boscaro et al., 2013b;  Dohra et al., 2013). 
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The proposed “complete” molecular approach on ciliate endosymbionts has been 
successfully set up and performed during this Thesis. In fact, ciliate cultures were 
isolated from environmental samples and they were screened using suitable 16S 
rRNA-direct probes to detect the presence of possible endosymbionts in FISH 
experiments. Of the 75 cultures screened, only 6 presented intracellular bacteria that 
should be further investigated to confirm the associations and in the case identify the 
endosymbiont species. Obviously, if a new interesting bacterial species was found, it 
could be considered a good new candidate to apply the genomic part of the approach, 
taking profit of the data already obtained in this Thesis. 
For what concerns the genomic part of the proposed approach, suitable growth 
conditions and isolation methods were set up and adapted for our organism of interest 
Holospora caryophila. Moreover, the purity evaluation methods resulted efficient if 
used in a combined manner and the same procedure could be easily adapted to 
evaluate the goodness of isolation protocols for other endosymbionts genomic 
extraction. After the optimization, these procedures were performed repeatedly in 
order to prepare enough material for the genome sequencing of H. caryophila and 
only the following genome sequencing results will highlight how the different 
approaches worked out.  
In conclusion this innovative “complete” approach, proposed in this Thesis, could be 
applied for the molecular study of newly isolated intracellular bacteria with the aim 
of genome sequencing. 
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Appendix I: Buffer solutions and media 
Cerophyll medium 1X 
Preparation for 1 l:  
100 ml concentrate Cerophyll-medium
1
 
5 ml Cerophyll Buffer
2
 
5 ml Balanced Salt Solution
3
 
100 µl Stigmasterol
4
 
add distilled water to reach the volume of 1 l 
------------------------------------------------------------------------------------------------------------------------ 
1
Cerophyll-medium concentrate = 25 g wheat grass powder boiled in 1 l of distilled water for 
15minutes and filtered twice. 
2
Cerophyll Buffer (preparation for 1 l)=  79,75 g/l Na2HPO4; 27,1 g/l NaH2PO4.  
3
Balanced Salt Solution (BSS, preparation for 1 l) =  20.8 g/l NaCl; 8 g/l MgSO4 x 7 H2O; 17 g/l 
MgCl2 x 6 H2O; 2,7 g/l CaCl2 x 2 H2O; 4,6 g/l KCl.  
4
Stigmasterol = 5.0 mg/ml in 99.8% Ethanol. 
 
Walne’s medium: 
Preparation for 1 l: 
1 ml Nutrient solution
1
 
0.1ml Vitamin solution
2
 
1 l sterilized sea water 
------------------------------------------------------------------------------------------------------- 
1
Nutrient solution (preparation for 1 l) = 1,3 g FeCl3 x 6 H2O; 0.36 g MnCl2 x 4 H2O; 33,6 g 
H3BO3; 45 g EDTA; 20 g NaH2PO4 x H2O; 100 g NaNO3; 1 ml Trace metal solution (TMS)
3
. 
2
 Vitamin solution = multivitamin complex (B1, B6 and B12) by Bayer Benexol B12. Each vial is 
dissolved in 10 ml of distilled water. 
3
TMS (preparation for 100 ml) = 2.1 g ZnCl2; 2 g CoCl2 x 6 H2O; 0.9 g (NH4)6Mo7O24 x 4 H2O; 2 g 
CuSO4 x 5 H2O. 
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Luria Bertani medium (LB) 
Preparation for 1 l:  
10 g bacto-tryptone 
5 g yeast extract 
10 g NaCl 
add distilled water to reach the volume of 1 l*. 
*in case of LB agar, add 15 g of agar. 
 
Phosphate Buffered Saline (PBS) 10X 
Preparation for 1 l: 
80 g NaCl 
2 g KCl  
14.4 g  Na2HPO4 
2.4 g KH2PO4 
Add distilled water to reach the volume of 1 l and adjust pH to 7.4  
 
Tris-borate-EDTA (TBE) 10X  
Preparation for 1 l: 
108 g Tris base 
55 g H3BO3  
40ml EDTA 0.5M (pH 8.0) 
Add distilled water to reach the volume of 1 l. 
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Appendix II: Bacterial aliquot preparation 
- Streak Raoultella planticola from an old aliquot on a LB agar plate, and incubate 
it over-night at 37°C, 
- take a single colony of R. planticola from the LB agar plate, inoculate it in LB 
liquid medium and keep at 37°C over-night, 
- then add to the LB liquid medium with the bacteria, the same volume of glycerol 
50%,  
- from it prepare aliquots of 2 ml from it and store at -80°C until use.  
 
Appendix III: FISH protocol and solutions  
FISH protocol 
All steps are performed in the dark to prevent early bleaching of the probes. 
1- hybridization phase: 
- pipet a suitable volume (depending on the number of probes used) of 
hybridization buffer on the slide where cells are, 
- add 2 µl of each probe in the hybridization buffer in order to reach 20 µl, 
- put on the coverglass carefully, 
- lay down slides in a humid chamber, 
- hybridize over-night at 46°C in water bath. 
2- washing step: 
- warm washing buffer and distilled water to 48°C in water bath, 
- dip slides few times in distilled water until coverglass is washed away, 
- incubate slides 20 minutes in washing buffer at 48°C, 
- dip slides few times in distilled water, 
- dry slides 
- pipet 15 µl of Slowfade® Gold Antifade Mountant with DAPI (Invitrogen™) on 
the marked region where cells are, 
- put on the coverglass carefully, 
- fix the coverglass with nail varnish. 
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Hybridization Buffer 
Preparation for 1 l: 
180 ml NaCl 5M 
20 ml Tris-HCl 1M (pH 8.0) 
1 ml SDS 10% 
Add distilled water to reach the volume of 1 l. 
------------------------------------------------------------------------------------------------------- 
In case of preparation of 30% Formamide hybridization buffer, it is necessary to add 30 ml of 
Formamide and subtract it from the total of distilled water.   
 
Washing Buffer 
Preparation for 1 l: 
180 ml NaCl 5M* 
20 ml Tris-HCl 1M (pH 8.0) 
10 ml EDTA 0.5M 
1 ml SDS 10% 
Add distilled water to reach the volume of 1 l. 
------------------------------------------------------------------------------------------------------- 
*In case of preparation of 30% Formamide washing buffer, it is necessary to vary NaCl quantity (11 
ml), add 30 ml of Formamide and subtract it from the total of distilled water. 
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Appendix IV: DNA extraction 
1) Protocol of extraction adapted from NucleoSpin® Plant II kit of Macherey-Nagel 
for mycelium: 
- centrifuge at 5000 x g for 10 minutes, then eliminate the supernatant; 
- add 200 µl of Buffer Lysis PL1 and homogenate with a syringe aspiring 25-30 
times without taking air; 
- add 100 µl of Buffer Lysis PL1 and homogenate with a syringe, like previously; 
- add 10 µl of Proteinase-K (10mg/ml) and 10 µl of RNase A (10mg/ml), incubate 
at room temperature for 5 minutes and finally incubate at 65°C for 10 minutes; 
- add 100 µl chloroform and invert gently the Eppendorf for some times; 
- centrifuge at 20000rpm for 10 minutes, recovering only the aqueous phase on the 
top of the Eppendorf and transfer it in a new Eppendorf; 
- load the sample on the column, centrifuge at 11000 g for 2 minutes and recover 
the eluate; 
- add 450 µl of Binding Buffer PC and homogenate; 
- load the sample on the column, centrifuge at 11000 g for 1 minute and eliminate 
the eluate; 
- add 400 µl of Washing Buffer PW1, centrifuge at 11000 g for 1 minute and 
eliminate the eluate; 
- add 700 µl of Washing Buffer PW2, centrifuge at 11000 g for 1 minute and 
eliminate the eluate; 
- add 200 µl of Washing Buffer PW2, centrifuge at 11000 g for 2 minutes and 
eliminate the eluate; 
- put the column in a sterile Eppendorf; 
- to elute DNA load 30 µl of sterile distilled H2O (preheated at 70°C), incubate the 
column at 70°C for 5 minutes and then centrifuge at 11000 g for 2 minutes; 
- repeat the last step.   
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2) Protocol of extraction adapted from GenElute™ Bacterial Genomic DNA Kit of 
Sigma-Aldrich® for Gram-negative bacteria: 
1- Resuspend cells: resuspend the pellet thoroughly in 180 µl of Lysis Solution T. 
Since RNA-free genomic DNA is required, add 20 µl of RNase (10mg/ml), mix, 
mix and incubate for 2 minutes at room temperature; 
2- Preparation for cell lysis: add 20 µl of Proteinase-K (10mg/ml) to the sample. Mix 
and incubate for 30 minutes at 55°C; 
3- Lyse cells: add 200 µl of Lysis Solution C, vortex thoroughly (about 15 seconds), 
and incubate at 55°C for 10 minutes; 
4- Column preparation: add 500 µl of the Column Preparation Solution to each pre-
assembled GenElute Miniprep Binding Column seated in a 2 ml collection tube. 
Centrifuge at 12000 x g for 1 minute. Discard the eluate; 
5- Prepare for binding: add 200 µl of ethanol 100% to the lysate and mix thoroughly 
by vortexing for 5-10 seconds; 
6- Load lysate: transfer the entire contents of the tube into the binding column. Use a 
wide bore pipette tip to reduce shearing the DNA when transferring the contents 
into the column. Centrifuge at 6500 x g for 1 minute. Discard the collection tube 
containing the eluate and place the column in a new 2 ml collection tube; 
7- First wash: add 500 μl of Wash Solution 1 to the column and centrifuge for 1 
minute at  6500 × g. Discard the collection tube containing the eluate and place 
the column in a new 2 ml collection tube; 
8- Second wash: add 500 μl of Wash Solution to the column and centrifuge for 3 
minutes at maximum speed (16,000 × g) to dry the column. The column must be 
free of ethanol before eluting the DNA. Centrifuge the column for an additional 1 
minute at maximum speed if residual ethanol is seen. You may empty and re-use 
the collection tube if you need this additional centrifugation step. Finally, discard 
the collection tube containing the eluate and place the column in a new 2 ml 
collection tube;  
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9- Elute DNA: pipette 200 μl of the Elution Solution directly onto the centre of the 
column; centrifuge for 1 minute at 6500 × g to elute the DNA. To increase the 
elution efficiency, incubate for 5 minutes at room temperature after adding the 
Elution Solution, then centrifuge. Repeat a second time to improve the yield by 
20-50%. 
 
Appendix V: PCR product purification 
Protocol of PCR product purification adapted form EuroGold Cycle Pure Kit of 
EuroClone®: 
1- Load and bind: determine the volume of the PCR reaction, transfer to a clean 1.5 
ml microfuge tube, add an equal volume of CP Buffer and vortex thoroughly to 
mix. Apply the sample to a PerfectBind DNA column assembled in a clean 2 ml 
collection tube (provided) and centrifuge in a microcentrifuge at 10.000 x g for 1 
minute at room temperature. Discard the liquid and reuse collection tube in the 
following steps;  
2- Wash: wash the PerfectBind DNA column by adding 750 µl of CG Wash Buffer 
diluted with absolute ethanol. Centrifuge at 10.000 x g for 1 minute at room 
temperature. Discard liquid and repeat this step; 
3- Dry: discard liquid and centrifuge the empty column for 1 minute 10.000 x g to 
dry the column matrix. This step is essential for good DNA yields.  
4- Elution: place PerfectBind DNA column into a clean 1.5 ml microcentrifuge tube. 
Add 30 – 50 µl distilled water (depending on desired concentration of final 
product) directly onto the column matrix and centrifuge 1 minute at 5.000 x g to 
elute DNA. An optional second elution will yield any residual DNA, though at a 
lower concentration.  
 
 
 
 
